ABSTRACT In this paper, the effect of nitride passivation layer on the irradiation response of PNP bipolar junction transistors (BJTs) by Co-60 gamma ray under high and low dose rates is investigated. In order to analyze the damage mechanisms on BJTs with or without nitride passivation layer induced by gamma rays, the excess base current and deep level transient spectroscopy are measured. Experimental results show that there is an enhanced low dose rate sensitivity for PNP transistors with and without nitride passivation layers. In addition, the degradation of PNP BJTs with nitride layer is more serious than that of PNP BJTs without nitride layer under the same irradiation condition. Compared with the PNP BJTS without nitride passivation layer, ionization effect in the PNP BJTs with nitride passivation layer can generate greater density of interface traps with deeper energy level at a given dose rate. Moreover, the irradiated BJTs under the low dose rate produces deeper energy level of interface traps than that under the high dose rate. Based on the analysis, hydrogen is an important factor influencing the dose rate sensitivity and the degradation of the BJT with nitride passivation layers.
I. INTRODUCTION
Electronic components, especially in bipolar junction transistors (BJTs) will be affected by energetic particles which induced total ionizing dose (TID), displacement damage (DD) or single event effect (SEE). Among them, ionization damage can induce the oxide trapped charges and interface traps. For BJTs, the buildup of trapped positive charge will deplete base regions. Base surface potential and depletion area increases with increasing the radiationinduced oxide charge, resulting in more recombination base current and the degradation of current gain. Buildup of interface traps at the Si/SiO 2 interface increases the density of recombination centers at the surface. The increased density of recombination centers leads to an increase in the surface recombination velocity, resulting in more recombination base current. Consequently, the accumulation of both oxide charges and interface traps causes an increase in the postirradiation base current [1] .
The enhanced low dose rate sensitivity (ELDRS) has become a hot issue in irradiation effects of electronic devices [2] . This effect was first shown by Enlow that bipolar devices exhibit an enhanced degradation when irradiated at low dose rate compared to high dose rate in 1991 [3] [4] . References [5] and [6] found that hydrogen was an important factor influencing the ELDRS in bipolar linear circuits. The evidence that ELDRS in PNP bipolar devices can occur because of the much lower probability for electron capture by protons in SiO 2 , as compared to mobile or trapped holes. At low dose rate and/or in oxides with higher concentrations of hydrogen, which can react with and modify the structure of O-vacancy-related defects, it is more likely that holes can release proton during transport. This proton release at low dose rate or in oxides with high hydrogen concentrations can lead to increased interface trap formation, which is the most common source of enhanced gain degradation in PNP bipolar transistors.
The structure of passivation layer is also an important factor of the ELDRS effect. M. R. Shaneyfelt et al. investigated ELDRS in bipolar linear circuits with/without oxide/nitride and doped-glass passivation layers. The investigation demonstrated that the passivation layer can have a significant impact on ELDRS for devices fabricated in bipolar linear processes. The work suggested that the mechanisms for ELDRS are related to mechanical-stress effects, hydrogen in the device, or a combination of the two [7] . Reference [8] also found that the irradiation characteristics of the bipolar transistor are strongly dependent on the fabrication technology, and the passivation layer has a great influence on the irradiation response of the device. The device with a passivation layer will have more interface traps in ionizing irradiation environments, and its resistance to ionizing irradiation is greatly weakened. However, the effect mechanism of passivation structure on ionizing radiation damage has not been directly proved to date. Furthermore, hydrogen plays an important role in bipolar transistor radiation response. For some situations, hydrogen can improve the radiation response; while in other cases, it can degrade it. Such as manufacturing can influence the effects hydrogen will have on a device.
In this study, BJTs with or without nitride passivation layer irradiated by Co-60 gamma ray under high and low dose rates are investigated to give an in-depth inquiry of the ELDRS mechanism, to prove that ELDRS in PNP bipolar devices can occur due to hydrogen. In addition, the effect of hydrogen on ionizing damage of BJTs without passivation layer are studied. 
II. EXPERIMENTAL DETAILS
Lateral PNP bipolar junction transistors (LPNP) with and without nitride passivation layer are used in this investigation. The representative cross sections of a LPNP transistor as shown in Fig 1. The thickness of the passivation layer (SiO 2 ) of the sample is about 700 nm. The thickness of the emitter (p+), the base (n+) and the epitaxial layer (p−) is approximately 1.8 µm, 2.5 µm and 12 µm, respectively. The only difference in the two types of PNP BJTs is the existence of a nitride layer on the oxide layer, and the thickness of the Si 3 N 4 layer is 1200 nm.
The irradiation experiments were performed at room temperature with a Co-60 gamma ray source. The dose rates used in the experiments were 100 rad(Si)/s and 10 mrad(Si)/s, respectively. The selected samples were mounted in the irradiation boards with all terminals grounded during the irradiation process.
All the electrical characteristics were measured by Keithley 4200-SCS semiconductor characterization system. Gummel curves were measured in order to investigate the variations of base current (I B ) and collector current (I C ) with emitter-base voltage (V EB ) for the PNP bipolar transistors during irradiation. Based on analysis of the Gummel curves, the relationship between the current gain of the bipolar transistor and the irradiation dose can be obtained. Gummel curves were measured for the PNP transistors before and after irradiation in a common-emitter configuration, applying a sweep in V EB from 0.2 to 0.8 V with a 0.01 V step, the base and collector were grounded that keeping
Hydrogen (H 2 ), which has been shown to enhance the degradation of linear bipolar devices, was utilized to change the radiation sensitivity of the transistors [9] , [10] . For H 2 soaking experiments, the LPNP transistors with no passivation were placed inside glass tubes. Samples were soaked in 200% hydrogen (H 2 ) at atmospheric pressure for at least 168 hours before irradiation.
Deep level transient spectra (DLTS) was used to analyze irradiation damage defects of the irradiated PNP transistors. The reverse bias voltage was set as 5V, the pulse voltage was set as 0.1V and the pulse width was set as 0.01s. The pulse period was chosen as 4.096s with a temperature scan from 200 K to 330 K. The capacitance transients of base-collector junction at different temperatures are recorded.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. GUMMEL CURVES Fig. 2 shows that when the total ionizing dose is 100 krad, the Gummel curves of BJTs with or without nitride layer as a function of total dose under 100 rad/s and 10 mrad/s, respectively. It can be seen clearly that the change in I B is greater, while I C is only slightly affected under the same dose rate. It is observed that the change of I B under the low dose rate is greater than that under the high dose rate, indicating that there is a significant ELDRS in transistors with and without nitride layer. Compared with BJTs without nitride layer, the degradation of base current on BJTs with nitride passivation layer is greater.
B. DEGRADATION OF CURRENT GAIN
The change in the reciprocal of current gain ( (1/β)) at a base-emitter voltage of 0.65 V is plotted in Fig. 3 for PNP BJTs with/without nitride passivation layer under high and low dose rates. It can be clearly seen that the degradation of both two types of PNP transistors under low dose rate is greater, proving that there is obvious ELDRS effect for the two types of PNP transistors. Comparing the degradation of (1/β) under the same rate, it can be clearly seen that the PNP transistor with nitride layer has been damaged more seriously than that without nitride passivation layer.
C. EXCESS BASE CURRENT
According to the experimental results above, the current gain degradation for the bipolar transistor is mainly due VOLUME 5, 2017 to the change of the base current. The base current after irradiation can be expressed as I B = I B−pre + I B , where I B−pre is the initial base current of the transistors, I B is the change of base current after irradiation, also known as the excess base current. It is usually assumed that I B varies as exp(V BE /n · V T ), where n is ideality factor, V BE is the bias voltage across the emitter-base junction, and V T is the thermal voltage. I B is caused by recombination in the bulk Si or at the silicon surface. Bulk or surface recombination current consists of two current components: emitter-base depletion region recombination current and neutral base recombination current. For I B induced by emitter-base junction recombination current, the ideality factor n equals to 2. Meanwhile, for the neutral base recombination current, the ideality factor equals to 1. Therefore, when I B is induced by the combination current in emitter-base junction and neutral base region, the ideality factor is between 1 and 2 [11] . Generally, ionizing radiation mainly induces two types of radiation defects in BJT, including the positive oxide charges and the interface traps. The excess base current is derived from the bulk recombination current and the surface recombination current caused by oxide trap charges (N ot ) and interface traps (N it ). The excess base current ( I B ) as a function of base-emitter voltage (V EB ) for PNP transistors is plotted in Fig. 4 . It can be seen that the ideality factor of the excess base current is between 1 and 2 for both of PNP transistors with or without nitride passivation layer at given dose rate. Therefore, I B is induced by the combination current in emitter-base junction and neutral base region. Moreover, compared with the PNP transistor without nitride passivation layer at given dose rate, the excess base current of the PNP transistor with nitride passivation layer is larger. Interface trap can cause the increase of the base current induced by the increase of the surface recombination. However, the positive trapped charges in the oxide relief the increase of base current in the PNP transistors. Based on the above analyses, compared with the PNP transistor without nitride passivation layer, the PNP transistor with nitride layer can produce the more of the number of interface traps.
In order to explain the effect of the nitride passivation layer on irradiation-induced degradation of the PNP transistors under high and low dose rates, the effect of hydrogen on the unpassivated BJTs were studied. Form  Fig. 4 , it can be seen that compared the PNP transistors with nitride passivation layer under irradiation of 100rad/s, the ideality factor of the excess base current ( I B ) for unpassivated BJT soaked in hydrogen is closer to 2. This indicates that the excess base current ( I B ) for unpassivated BJT soaked in hydrogen is derived from the recombination current in the emitter-base junction, demonstrating that the more interface traps are produced due to the hydrogen. Moreover, the excess base current ( I B ) for unpassivated BJT soaked in hydrogen is similar to that for the passivation BJTs at a given V EB , as shown in Fig. 4 . Based on the above analyses, it can be concluded that hydrogen is responsible for the ionizing radiation response for the PNP transistors with the nitride passivation layer. 
D. DLTS RESULTS
Based on the DLTS system, the results from the base-collector junction of PNP BJTs were used to characterize the radiation defects. The capacitance transients of PNP BJTs were measured as a function of temperature under two dose rates, as shown in Fig. 5 . It shows one peak appear around 300 K in the DLTS spectra, and this positive signal illustrate the defect being majority carrier trap, which is hole trap in PNP transistor. As mentioned in reference [12] , the defect species can be related to the peak position in the DLTS spectra. In this study, the peak appear around 300 K is a trap related to interface traps, and this peak moves leftward means the energy level of defect becomes deeper. The signal peaks are moves leftward under the low dose rate, and for the BJT with nitride passivation layer. This experimental results can explain that BJTs under both the low dose rate and with nitride passivation layer, the energy level of interface traps becomes deeper during the irradiation.
We also explored the effects of hydrogen, DLTS spectra of PNP bipolar transistors under the high dose rate is shown in Fig. 5 . The unpassivated BJT (soaked in hydrogen) showed a relatively small change in C compared to the BJT with nitride passivation layer. The major peak apparent in the spectra that correspond to the defects. For unpassivated BJT (soaked in hydrogen), the signal peak moves leftward. It suggests that the number of interface traps produced by unpassivated BJT soaked in hydrogen can be compared to the BJT with nitride passivation layer under the same dose rate irradiation condition. Besides, DLTS result of the unpassivated BJT soaked in hydrogen is similar to that of the BJTs at 10 mrad/s. This implies that hydrogen may be the primary reason for ELDRS effect in BJTs.
As expected from previous results, the presence of hydrogen could affect the ionizing radiation response, and the hydrogen present in the passivation layer as well as the hydrogen released from fabrication process or mechanical stress for the bipolar transistors, these cases become an important reason for the ELDRS phenomenon in the bipolar device [5] , [13] , [15] . As is apparent from Fig. 6 , shown that the change in the reciprocal of current gain as a function of ionizing dose for the different types of PNP transistors. For the unpassivated BJT (soaked in hydrogen) could induce ionizing damages, and the change trend is similar to the bipolar transistor with nitride passivation layer. From the result, the participation of hydrogen will increase the accumulation of interface traps, resulting in the degradation of current gain, thereby reducing the electrical properties of the devices. The passivation process used in this paper is the treatment of nitrogen alloy, which increase the number of interface traps produced during the irradiation. The defect formation process is similar to unpassivated BJT soaked in hydrogen. Therefore, as the nitride layer leads to change density and energy level of interface traps, it may be due to the impact of hydrogen, thereby reducing BJTs anti-radiation ability.
IV. DISCUSSION
The ionization damage of the incident particles will produce a large number of electron hole pairs in the SiO 2 layer of the bipolar transistor. Due to the mobility of electrons greater than holes, most of the electrons move out of the Si/SiO 2 interface quickly, while some of the electrons will recombine with the holes. The mobility of the holes in the SiO 2 material VOLUME 5, 2017 is lower, most of the remaining holes will be trapped in the oxide layer to form a positive oxide charge. And the holes produced by ionizing radiation may also release protons, protons will pass to the interface to form Si-H suspension bonds, in turn form the interface traps [13, 14,] . These effects mainly increase the surface recombination rate and the recombination current, decrease the minority carrier lifetime, and result in the degradation of current gain, which affects the electrical properties of BJTs.
According to the space charge model, under the high dose rate irradiation condition, the oxide trapped charge will form a space electric field in the base region, which prevents the hole and H + reaching to the SiO 2 /Si interface. Only a few of them will reach the SiO 2 /Si interface during a long time. For the low dose rate irradiation condition, the number of oxide charges become less, so the formation of the space electric field is relatively weak, more holes and H + have enough time to reach the SiO 2 /Si interface, react with the dangling bond to generate the interface trap charge. Therefore, the more interface states are produced due to hydrogen in the devices under the low dose rate irradiation condition, leading to the serious degradation of electrical performance for the device [4] , [16] . In addition, the presence of hydrogen also affects the ionizing radiation damage. The hydrogen present in the passivation layer and the hydrogen released from fabrication process for the bipolar transistors, becomes an important reason for the ELDRS phenomenon in the bipolar device [5] , [7] , [15] .
V. CONCLUSIONS
In this paper, we have demonstrated that nitride passivation layer can have a significant impact on ELDRS for PNP BJTs, and the experimental results show that the degradation of PNP BJTs with nitride layer is more serious than that of PNP BJTs without nitride layer under the same irradiation condition. Based on the excess base current and DLTS spectra, compared with the PNP BJTS without nitride passivation layer, ionization effect in the PNP BJTs with nitride passivation layer can generate greater density of interface traps with deeper energy level at a given dose rate. Besides, the irradiated BJTs under the low dose rate produces deeper energy level of interface traps than that under the high dose rate. The evidences show that ELDRS in PNP bipolar devices can occur due to hydrogen. The results show that hydrogen can lead to change density and energy level of interface traps during the irradiation. Furthermore, it has also been demonstrated that hydrogen induced by nitride passivation layer may be responsible for radiation effects in the PNP BJTs. It is considered that hydrogen will be more easily introduced at the surface of the bipolar transistor with nitride layer processing.
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